The peak time of optical afterglow may be used as a proxy to constrain the Lorentz factor Γ of the gamma-ray burst (GRB) ejecta. We revisit this method by including bursts with optical observations that started when the afterglow flux was already decaying; these bursts can provide useful lower limits on Γ. Combining all analyzed bursts in our sample, we find that the previously reported correlation between Γ and the burst luminosity L γ does not hold. However, the data clearly shows a lower bound Γ min which increases with L γ . We suggest an explanation for this feature: explosions with large jet luminosities and Γ < Γ min suffer strong adiabatic cooling before their radiation is released at the photosphere; they produce weak bursts, barely detectable with present instruments. To test this explanation we examine the effect of adiabatic cooling on the GRB location in the L γ − Γ plane using a Monte Carlo simulation of the GRB population. Our results predict detectable on-axis "orphan" afterglows. We also derive upper limits on the density of the ambient medium that decelerates the explosion ejecta. We find that the density in many cases is smaller than expected for stellar winds from normal Wolf-Rayet progenitors. The burst progenitors may be peculiar massive stars with weaker winds or there might exist a mechanism that reduces the stellar wind a few years before the explosion.
Introduction
The prompt emission of gamma-ray bursts (GRBs) is likely produced by dissipative mechanisms inside the relativistic ejecta of the explosion, while the GRB afterglow is associated with the ejecta deceleration by a circum-burst medium (see e.g. Piran 2004 for a review). The afterglow emission is attributed to a relativistic blast wave that involves a pair of shocks -forward and reverse.
One of the most important parameters of GRBs is the Lorentz factor of the relativistic ejecta, Γ, as the models of the prompt and afterglow emissions strongly depend on its value. Useful constraints on Γ may be derived using the timescale and spectrum of the prompt GRB (Paczynski 1986; Goodman 1986 ), which typically gives Γ > 100 (e.g. Lithwick & Sari 2001; Hascoët et al. 2012) . Another possible way to constrain the GRB Lorentz factor is to use the afterglow peak time T p as a proxy for the deceleration time of the blast wave, T dec , at which the dissipation rate peaks (e.g. Meszaros & Rees 1997; Sari & Piran 1999) . Using this method Liang et al. (2010 Liang et al. ( , 2013 and Ghirlanda et al. (2012) studied a sample of GRBs with detected optical peaks and found a correlation between Γ and the burst luminosity L γ .
The key assumption of this method, T p ∼ T dec , is questionable, as optical emission could reach its peak at a different time. This possibility is illustrated by the simple model of synchrotron emission from a self-similar blast-wave, where the optical light curve can peak at T p ≫ T dec (e.g. Sari et al. 1998 ). However, observations conflict with the late-T p models and lend some support to the T p ∼ T dec assumption. In many bursts, optical emission peaks early and steeply, as may be expected at T dec . 1 The optical peak may be dominated by the forward-or reverse-shock emission (e.g. Meszaros & Rees 1997; Sari & Piran 1999; Uhm & Beloborodov 2007; Genet et al. 2007) . In this paper, we accept T p ≃ T dec as a reasonable assumption and investigate its implications.
In Sections 2 and 3, we extend the previous analysis by including bursts whose afterglow peaked before observations started, which provides a useful upper limit on T p . We also identify the cases where the blast wave at T p is significantly slower than the ejecta, which corresponds to a relativistic reverse shock; in these cases the measurement of T p provides only a lower bound on the ejecta Lorentz factor Γ. Our analysis does not support the existence of the L γ − Γ correlation claimed in previous studies. Instead, the data shows a lack of bright bursts with low Lorentz factors. In Section 4, we suggest an explanation of this fact. Section 5 summarizes our results and discusses implications of observed T p for the nature of the circum-burst medium.
2. Sample 2.1. Bursts with detected optical afterglow peaks Table 1 gives the list of 20 GRBs with detected early afterglow peaks that are included in our sample. This list is a selection from the GRB samples of Liang et al. (2010) ; Lü et al. (2012) ; Liang et al. (2013) , where we keep only bursts with reliable detection of the peak time. We removed (1) GRBs that have optical light-curves with more than one bump, making the peak measurement ambiguous, (2) GRBs for which the peak was measured during a plateau phase (i.e. where the optical light-curve is flat in logarithmic scale), and (3) GRBs with optical light-curves that are sampled too sparsely or whose temporal range is too small to provide significant constraints on T p .
The redshift-corrected peak times T p = T obs p /(1 + z) are shown in Figure 1 versus the GRB isotropic equivalent gamma-ray energy E γ and the corresponding average luminosity
where
and T 90 is an approximate measure of the observed burst duration (time during which 90% of the emission is received). One can notice a good correlation between T p and L γ (or E γ ); we argue below that this correlation is spurious.
Bursts with upper limits on T p
For some bursts the peak is not observed because observations start too late. These bursts are also useful for our purposes, as some of them give strong upper-limits on T p . A sample of such GRBs is listed in Table 2 and the corresponding upper limits are shown in Figure 1 . The number of available strong limits (24) is comparable to the number of peak detections. The limits are robust. For many bursts in the sample, the optical decay was already well established when the observations started, without any evidence for an increasing decay index. This suggests that the peak was reached well before the beginning of observations. The obtained limits on T p are never below a few tens of seconds, which reflects the typical delay in response of robotic optical telescopes to alerts from γ-ray telescopes. 2 Note also that the limits tend to be less constraining for weak (low E γ ) bursts. It is easier to obtain strong limits for bright bursts for a few reasons: they are easily localized by γ-ray telescopes; they have brighter afterglows (Gehrels et al. 2008 ); and they have higher redshifts which move T p to a later T obs
While it is easy to miss an early optical peak, T p < 100 s, we are not aware of any selection effects that could lead to preferential non-detection of late peaks T p ∼ 10 2 − 10 3 s. In this range, the data should represent the true distribution of T p . The data presented in Figure 1 may be summarized as follows: there is no intrinsic correlation between T p and L γ (or E γ ). Instead we observe a lack of bright bursts with late afterglow peaks. For a given L γ , there appears to exist a maximum peak time T p,max (L γ ) which corresponds to the blue boundary in Figure 1 . A crude approximation to this boundary is given by
γ,52 s.
Estimates for Γ
The GRB afterglow is likely emitted by the blast wave resulting from the interaction of the relativistic ejecta with the ambient medium. The blast wave involves two shocks: the forward shock sweeping the external medium and the reverse shock propagating back into the relativistic ejecta. As discussed in Section 1, it is reasonable to assume that the afterglow peaks at the deceleration time T dec when most of the ejecta energy has been transmitted to the blast-wave through the reverse shock. This happens at the "deceleration radius,"
where E ej is the energy of the ejecta and Γ bw is the Lorentz factor of the blast wave at R dec ; ρ dec is the external density at R dec , and s describes the slope of the external density profile, s = d ln ρ/d ln R. A uniform medium is described by s = 0 and a wind medium by s = 2. We assume that the afterglow peaks at the deceleration time,
Then the measured T p provides an estimate for the blast wave Lorentz factor,
where η is the fraction of the initial energy of the GRB ejecta that is converted into prompt radiation.
Two aspects of Equation (5) gives the Lorentz factor of the blast wave, Γ bw , not the ejecta Lorentz factor Γ.
We expect Γ ≃ Γ bw if T p ≫ T γ . Indeed, T p is associated with the time it takes the ejecta to transfer most of its energy to the blast wave, i.e. the time it takes the reverse shock to cross the main, most energetic part of the ejecta of thickness ∆ ≃ cT γ . The crossing time ∆/v rs is long and gives T p ∼ (c/v rs )T γ ≫ T γ if the reverse shock is non relativistic, v rs ≪ c, which is equivalent to Γ ≃ Γ bw . In this case Equation (5) effectively gives an estimate of the mean Lorentz factor Γ of the ejecta. In contrast if T p T γ , the reverse shock may be highly relativistic. Then Γ bw is significantly smaller than Γ and Equation (5) Note that T γ that we use as a measure of the GRB duration may overestimate the duration of the main part of the GRB if the burst has a temporally extended tail of relatively weak emission. For such bursts T dec < T γ is possible. A better estimate for T γ would give T dec ≃ T γ , so that T p is not smaller than T γ . In agreement with theoretical expectations, we found no burst in our sample where the optical afterglow peaks before the main part of the GRB emission has been received. Equation (5) assumes a static external medium and neglects the fact that the prompt GRB radiation exerts pressure and accelerates the medium ahead of the blast wave (Thompson & Madau 2000; Beloborodov 2002 ). This pre-acceleration is strong (relativistic) up to the radius,
If R acc exceeds R dec given by Equation (5), the true deceleration radius is increased, and the dissipation rate peaks at
We found R acc < R dec for all bursts in our GRB sample as long as ρ dec /m p 10 3 cm −3 . For most bursts in our sample, ρ dec /m p 10 3 cm −3 would imply low values for Γ, which would contradict the constraint from the prompt emission (see discussion in Section 5.2). Therefore we will assume ρ dec /m p 10 3 cm −3 and neglect the pre-acceleration effect.
Using Equation (5) we estimated Γ for each burst in the sample (Figure 2 ). We fixed η = 0.5 and s = 2 in our numerical estimates; the uncertainty in their exact values weakly affects the results. If only the peak "detections" are considered, Figure 2 would suggest that there is a correlation between Γ and L γ . However, the numerous lower limits show that the upper part of the diagram must be broadly populated by GRBs. Also note that four detections of T p correspond to the relativistic reverse shock regime and give only lower limits on Γ. We conclude that there is no evidence for a correlation between L γ and Γ. However the lack of bright bursts with low Γ appears to be a robust feature. (5)). This transformation compresses the sample along the Γ bw axis and induces a dependence of Γ bw on L γ with a positive slope of 1/8. In combination with the selection effect that suppresses short-T p and low-L γ bursts in the sample, this enhances the spurious correlation between L γ and Γ.
As mentioned in Section 1, the key assumption that the optical afterglow peaks at the decel-eration radius may not be reliable. Therefore, it is useful to consider a more general model where the afterglow peaks at a radius R p related to Γ and L γ by
The simplest model with ρ dec = const corresponds to α = −2/3 and β = 1/3 (see Equation (3)).
For other values of α, β, the observed upper boundary T max Figure 4 shows Γ estimated assuming α = β = 0 (i.e. R p = const). The results are similar to those in Figure 2 . The conclusion that Γ min grows with L γ holds as long as (λ − β)/(α − 2) > 0. Violation of this condition would require α and β that are significantly different from α = −2/3 and β = 1/3. If α ≃ 2 then T p weakly depends on Γ, and cannot be used to estimate Γ.
4. Lack of bright bursts with a large T p : a result of adiabatic cooling?
Adiabatic cooling below the photosphere
The photospheric radius R * (the characterisitic radius where the explosion ejecta becomes transparent to Thomson scattering) is given by
where L is the isotropic power of the outflow, and κ is the Thomson opacity (in units of 0.2 cm 2 g −1 ); κ may be significantly increased by pair creation. For the most powerful explosions (L γ ∼ 10 53 − 10 54 erg s −1 ) with relatively low Lorentz factors (Γ 10 2 ) the photospheric radius is exceptionally large. If the GRB radiation is produced at a smaller radius R diss (where internal dissipation peaks) the burst may be buried by the large optical depth, since it implies strong adiabatic cooling of the radiation trapped in the expanding ejecta.
To illustrate this possibility, suppose that the GRB emission is generated before the ejecta reaches a radius
where R 0 is a fixed constant. The scaling of the cutoff radius R diss ∝ Γ 2 is expected for mechanisms that dissipate the energy of internal motions or magnetic energy. Combining Equations (9) and (10), one finds the optical depth at R diss ,
If dissipation occurs far below the photosphere (τ diss ≫ 1), the resulting radiation released at the photosphere is adiabatically cooled by the factor of 2τ −2/3 diss (Beloborodov 2011) . Then for given ejecta power L and dissipation efficiency at R diss the observed burst luminosity scales as
The slope of this relation is suggestively close to the slope of Γ min − L γ relation seen in Figure 2 .
Properties of adiabatically cooled bursts
Even though the dissipation mechanism at r < R diss can be non-thermal, the produced radiation will be progressively thermalized during the subsequent adiabatic expansion between R diss and R * . Let T e be the electron temperature (measured in the ejecta frame), and τ diss > 1 be the Thomson optical depth at R diss . Two different regimes can be distinguished: (1) For τ diss m e c 2 /3kT e ≃ 511 (3kT e /1 keV) −1 , an exponential cutoff would form in the radiation spectrum at energy
This cutoff is a result of significant Compton downscattering (recoil effect) at E > E max ; the spectrum at E < E max is weakly affected. (2) For τ diss m e c 2 /3kT e , the spectrum is exponentially suppressed above 3kT e Γ. The low-energy part of the spectrum is also affected by multiple Compton scattering -the spectral slope steepens as the photons tend to thermalize with electrons.
Thus, one expects significant changes in the burst spectrum after strong adiabatic cooling. Such unusual GRBs have been observed. Ghirlanda et al. (2003) and Ryde (2004) found that some bursts have spectra with very hard low energy indices and possibly exponential cutoffs. Similar quasi-thermal GRBs are found in both BATSE (Kaneko et al. 2006) and Fermi Gamma Burst Monitor (Goldstein et al. 2012) catalogs. These bursts -especially those with a low peak energy -may be generated by adiabatically cooled explosions with a large photospheric radius R * .
Another expected feature of bursts with small Γ and large R * is the suppression of variability on short timescales. In these bursts, the minimum variability timescale ∆t obs ∼ R * /2Γ 2 c can be as large as 10 s (see Equation (17) below), and their lightcurves are expected to be smooth.
While adiabatic cooling can significantly reduce the emitted GRB energy E γ , the ejecta energy E ej remains large. Thus, adiabatically cooled bursts are expected to have unproportionally bright afterglows. They should lie in the upper part of the gamma-ray fluence/X-ray afterglow flux distribution, which spreads over two orders of magnitude (see for example Fig. 2 in Gehrels et al. 2008 ). As we show below, the majority of GRBs with strong adiabatic cooling avoid detection. Then they become prime candidates for "orphan" afterglows (e.g. Huang et al. 2002) . These afterglows are expected to peak at late times T p , as they are generated by the low-Γ ejecta.
Monte Carlo simulation of a GRB population
To illustrate how bright bursts with low Lorentz factors are depleted by adiabatic cooling, we produced a synthetic GRB population using a Monte Carlo simulation, with the following assumptions:
(1) We adopted the GRB rate R SF 3 from Porciani & Madau (2001) . We assume that the rate keeps increasing at z 2 as suggested by observations (e.g. Daigne et al. 2006; Wanderman & Piran 2010; Salvaterra et al. 2012) ; we cut it off at z max ≃ 20.
(2) The GRB luminosity function is assumed to follow a power-law distribution of index −1.5 as suggested by Daigne et al. (2006) , in a broad range of 10 50 < L γ < 10 54 erg s −1 . (3) For each GRB, the spectrum of generated radiation at R diss is assumed to be a broken power-law with a low energy index α = −1 and a high energy index β = −2.5. The restframe peak energy of the spectrum, E p , is assumed to correlate with L γ ; we use the relation E p ≃ 300 (L γ /10 52 erg s −1 ) 1/2 keV with a scatter σ dex = 0.3 (e.g. Wei & Gao 2003; Yonetoku et al. 2004; Nava et al. 2012) . (4) The radiation spectrum is injected with η = 0.5 at R diss = 6 × 10 12 (Γ/100) 2 cm (which would correspond to a variability timescale ∆t obs = R diss /2Γ 2 c ≃ 10 ms if R diss > R * ). (5) The logarithm of Lorentz factor Γ is randomly chosen for each burst from a uniform distribution in the range 1 < log Γ < 3.
The adiabatic cooling effect is calculated as follows: (6) The photospheric radius of each GRB is obtained from Equation (9), with κ 0.2 = 1. If R diss < 2 −3/2 R * , the burst is cooled by a factor of 2(R * /R diss ) −2/3 changing L γ and E p from their initial values at R diss . The burst spectrum is changed as explained in Section 4.2; the cutoff at E max is approximated by a step function. (7) The simulated GRB is assumed to be detected if its observed photon flux in the Swift band 15 − 150 keV is above the threshold of 0.2 ph cm −2 s −1 (Band 2006).
The results of our simulation are shown in Figure 5 . One can see that adiabatic cooling depletes the low-Γ/high-L γ corner of the L γ − Γ diagram. The resulting distribution resembles the observed one in Figure 2 . This simulation also allows one to estimate the impact of adiabatic cooling on the observed distribution of E p (Figure 6) . A burst that suffers adiabatic cooling is moved along a track E p ∝ L γ , which tends to create GRBs with E p below the original correlation. However, the effect on the population of detected GRBs is weak, because cooled bursts become undetected (due to the reduced E p and the spectral cutoff at E max ) before they become outliers in the E p − L γ correlation.
Discussion

Adiabatic cooling
If the peak time of optical afterglow, T p , is indeed a good proxy for the blast wave deceleration radius R dec , observations imply a lack of bright bursts with low Lorentz factors (Section 3). We argued that this lack may be expected, as energetic explosions with low Lorentz factors should have unusually large photospheres R * 10 15 cm. Since the dissipation mechanism generating radiation in these bursts is likely limited to smaller radii, R diss ≪ R * , the burst is expected to suffer strong adiabatic cooling and become undetectable (Section 4).
Most models of the prompt GRB emission place the emission source at radii smaller than 10 15 cm, especially if Γ is small. For example, dissipation of internal motions or magnetic energy in the ejecta is expected to end at a radius that scales as Γ 2 and becomes smaller than R * at small Γ. Then the trapped radiation is adiabatically cooled and the burst becomes inefficient. This argument is applicable to any dissipation mechanism generating the burst -e.g. collisionless shocks (Rees & Meszaros 1994; Daigne & Mochkovitch 1998) , collisional heating (Beloborodov 2010) , or magnetic reconnection (Spruit et al. 2001) . Note also that the neutron component of the jet, which can play a significant role in collisional dissipation, may not survive to R * in low-Γ bursts. The mean radius of neutron decay is R β ≃ 9 × 10 13 (Γ/30) cm, and its ratio to the photospheric radius is given by
The cooled bursts still produce energetic ejecta that can drive an energetic blast wave in the external medium and generate bright afterglow emission. We argued that one could observe "orphan" afterglows from such explosions, with undetected prompt GRBs, even when the burst is observed "on-axis," i.e. the relativistic jet is directed toward the observer. As this paper was completed, Palomar Transient Factory detected an event consistent with on-axis orphan afterglow (Cenko et al. 2013 ).
We also argued that the prompt emission of strongly cooled bursts can be occasionally detected. As discussed in Section 4, these bursts have special properties. They should have soft spectra resembling quasi-thermal emission and their light curves should be smooth.
GRB ambient medium: a low density wind?
As some long GRBs are associated with Type Ib,c supernovae, their progenitors are expected to be Wolf-Rayet stars. Wolf-Rayet stars in our galaxy are observed to lose mass at a typical ratė M ∼ 10 −5 M ⊙ yr −1 through strong winds of velocity w ∼ 10 8 cm s −1 (e.g. Crowther 2007) . If the wind has constantṀ , its density follows the R −2 density profile,
As discussed in Section 3, the peak time T p of the optical afterglow provides an estimate of the ejecta Lorentz factor Γ ≈ Γ bw if T p ≫ T γ . This estimate scales as ρ −1/8 dec . On the other hand, an independent constraint on Γ can be derived by considering the Thomson opacity of the ejecta and its photosphere. 3 The photospheric radius R * (Equation (9)) implies a minimum variability timescale ∆t obs ≈ R * /2Γ 2 c. Thus, the observed ∆t obs is expected to satisfy the condition,
From this condition, using the observed L γ and ∆t obs , one obtains a lower bound on the ejecta Lorentz factor. Then, combining Equations (5) and (17), an upper limit on ρ dec can be derived. For a wind medium this limit translates into an upper bound on A,
This upper limit is sensitive to the Thomson opacity κ, which may be significantly increased by e ± creation in the ejecta. The numerical value for A max in Equation (18) is given for the lowest possible κ = 0.2 cm 2 g −1 , which gives a conservative upper limit on A. Figure 7 shows the upper limits obtained for our GRB sample, where we used η = 0.5, κ 0.2 = 1, and ∆t obs = 1 s. In some bursts, the inferred A max is well below A 0 . For GRB 060605, A max is ∼ 6 times smaller than A 0 . Even stronger limits could be derived with more sensitive detectors and more detailed analysis of variability timescales. GRBs that give the lowest A max have relatively low luminosities, and poor photon statistics make it difficult to see the true minimum ∆t obs , which might be shorter than 1 s. Figure 7 suggests that at least some GRB progenitors are peculiar massive stars whose winds are weaker than typical Wolf-Rayet stars observed in our galaxy. This may be the result of a lower metallicity of the star (e.g. Vink et al. 2001 ), a property that seems to be preferred by GRB progenitors, and agrees with observations of their host galaxies (e.g. Perley et al. 2013) . Weaker winds extract less angular momentum from the progenitor, leading to collapse with faster rotation, which is required for GRB central engines producing collimated jets (e.g. Woosley & Heger 2006) . Note also that GRBs with bright optical afterglows (such as bursts in our sample) imply a selection against high-metallicity environment, which tends to obscure the optical emission (e.g. Levesque 2013 ).
The low wind density could also be explained by a change in the stellar mass loss rateṀ shortly before the explosion. The wind medium at a characteristic radius R dec ∼ 10 16 cm was ejected by the progenitor R dec /w ∼ 3 yr before the explosion. The mass loss rates of Wolf-Rayet stars in the last few years of their lives are uncertain;Ṁ might decrease as the star evolves toward the collapse. This work was supported by NSF grant AST-1008334. -Estimated Lorentz factor of the GRB blast wave, Γ bw , at the deceleration radius. The product Γ bw ρ dec 1/8 is estimated using Equation (5) (with η = 0.5) and shown versus the burst luminosity L γ (Equation (2)). The ambient density at the deceleration radius, ρ dec , is normalized to ρ 0 /m p = 1 cm −3 . Bursts with T p < T γ are highlighted in red; for these bursts the ejecta Lorentz factor Γ can be substantially higher than Γ bw (see text). -Effect of adiabatic cooling on a GRB population in the L γ − Γ plane. Left: observed distribution of bursts when adiabatic cooling is not included. Right: observed distribution of bursts when adiabatic cooling is included. Red crosses represent bursts that have suffered cooling and remained detectable. Many more cooled bursts became undetectable and disappeared from the diagram. The circled red crosses show detected bursts with large cooling factors f > 10 (1.3% of detected bursts). These bursts are expected to have special spectra of the prompt GRB emission (see text). Fig. 6 .-Effect of adiabatic cooling on a GRB population in the L γ − E p plane. The simulation is the same as in Figure 5 . Left: observed distribution of bursts when adiabatic cooling is not included. Right: observed distribution of bursts when adiabatic cooling is included. Red crosses represent bursts that have suffered cooling. The circled red crosses show detected bursts with large cooling factors f > 10 (1.3% of detected bursts). Strong adiabatic cooling can in principle create outliers of the initial E p −L γ correlation, however most of them become undetectable and disappear from the diagram. 
